Nuclear-encoded pentatricopeptide repeat (PPR) proteins are key factors for site-specific RNA editing, converting cytidines into uridines in plant mitochondria and chloroplasts. All editing factors in the model moss Physcomitrella patens have a C-terminal DYW domain with similarity to cytidine deaminase. However, numerous editing factors in flowering plants lack such a terminal DYW domain, questioning its immediate role in the pyrimidine base conversion process. Here we further investigate the Physcomitrella DYW-type PPR protein PPR_78, responsible for mitochondrial editing sites cox1eU755SL and rps14eU137SL. Complementation assays with truncated proteins demonstrate that the DYW domain is essential for full PPR_78 editing functionality. The DYW domain can be replaced, however, with its counterpart from another editing factor, PPR_79. The PPR_78 ortholog of the related moss Funaria hygrometrica fully complements the Physcomitrella mutant for editing at both sites, although the editing site in rps14 is lacking in Funaria. Editing factor orthologs in different taxa may thus retain editing capacity for multiple sites despite the absence of editing requirement.
Introduction
RNA editing, the site-specific conversion of pyrimidine nucleotides, is a mechanism to correct genetic information in transcripts of chloroplasts (Hoch et al. 1991) and mitochondria (Covello and Gray 1989 , Gualberto et al. 1989 , Hiesel et al. 1989 in land plants (reviewed in Chateigner-Boutin and Small 2010, Takenaka et al. 2014) . Numbers of RNA editing sites vary widely, with complete absence of editing in the marchantiid liverworts , Rüdinger et al. 2012 ) and thousands of editing sites in the organelles of lycophytes such as Isoetes and Selaginella (Grewe et al. 2009 , Hecht et al. 2011 , Oldenkott et al. 2014 . The funariid mosses Funaria hygrometrica and Physcomitrella patens, with only 11 and eight C-to-U editing sites, respectively, in their mitochondrial transcripts (Rüdinger et al. 2009 , Rüdinger et al. 2011 ) and two in the plastid transcripts are examples of low editing species (Miyata and Sugita 2004) .
During the last decade, many plant-specific pentatricopeptide repeat (PPR) proteins have been identified as RNA editing factors in Arabidopsis thaliana and other flowering plants. In contrast to 'classic' PPR proteins consisting exclusively of repeats of 35 amino acid long P motifs found in all eukaryotes, these proteins also contain deviant PPR motifs called L (for long, 35-36 amino acids) and S (for short, 31 amino acids), most often occurring in PLS n arrangements. Except for different lengths, the L-and S-type PPR motifs also differ characteristically in their sequence conservation. Moreover, all of the so called PLS-type PPR proteins identified as RNA editing factors contain additional C-terminal domains, the E, the E+ and the DYW domain, as optional, successive extensions in that order (Lurin et al. 2004) . Recently, the structure of these domains was re-evaluated, now replacing the former E domain concept with domains E1 and E2 and extending the DYW domain to include the former E+ domain concept (Cheng et al. 2016) . The DYW domain attracted attention regarding its sequence and structural similarities to known cytidine deaminases (Salone et al. 2007 , Iyer et al. 2011 , followed by demonstrations of its ability to bind zinc ions, an additional important feature for deaminase functionality (Boussardon et al. 2014 , Hayes et al. 2015 .
In recent studies, DYW-type PPR proteins in A. thaliana were shown to lose their editing function if the DYW domain was truncated , Boussardon et al. 2014 , Hayes et al. 2015 , Wagoner et al. 2015 . Other DYW-type PPR proteins in the Brassicaceae model plant, however, could be truncated or mutated, and their assigned editing sites were still found to be edited (Okuda et al. 2009 , Hayes et al. 2013 , Brehme et al. 2014 . Moreover, several E-type PPR proteins lacking the DYW domain had been identified as editing factors in chloroplasts and mitochondria (Kotera et al. 2005 , Takenaka 2010 , Hammani et al. 2011 , Chateigner-Boutin et al. 2013 . Thus, the importance of the DYW domain for proper RNA editing remained questionable in the flowering plant model.
In the low-editing moss species P. patens and F. hygrometrica, only 10 and nine DYW-type PPR proteins, respectively, and no E/E+ proteins lacking DYW domains are encoded in their genomes. MORF/RIP proteins (multiple organellar RNA editing factor/RNA-editing factor interacting protein; Bentolila et al. 2012 or ORRM1 homologs (organelle RNA recognition motif-containing protein; Sun et al. 2013) , complementing the editing apparatus in A. thaliana (Sun et al. 2016) , are likewise absent in the moss genomes.
The P. patens DYW-type PPR proteins could be assigned as site-specific recognition factors to one or two editing sites in the mitochondrial transcripts (Ohtani et al. 2010 , Rüdinger et al. 2011 , Uchida et al. 2011 , Ichinose et al. 2013 , Schallenberg-Rüdinger et al. 2013 . With the final assignment of the only chloroplast-localized DYW-type PPR protein to the two editing sites in the plastid transcript of rps14, Physcomitrella patens became the first model plant system with a completely identified set of editing sites and all their cognate editing factors (Ichinose et al. 2014) .
The recently proposed RNA recognition code for PPR proteins based on statistical analyses (Barkan et al. 2012 , Takenaka et al. 2013 ) and supported by PPR protein crystal structure analyses (Yin et al. 2013 , Gully et al. 2015 nicely corroborates the assignment of the Physcomitrella DYW proteins to their editing targets (Schallenberg-Rüdinger et al. 2013) . The transcript target recognition is essentially based on identification of individual ribonucleotides on a one PPR per ribonucleotide basis. Amino acid residues at positions 5 and 'last' (previously 6 and 1 0 ) of the P-and S-type PPRs are crucial for the recognition of individual nucleotides in the target sequence upstream of each editing site. Further, amino acid positions in each PPR, most notably position 2 (previously 3), are also discussed as being important ). In P. patens, each DYW-type editing factor matches the upstream sequence of its assigned editing site best (Schallenberg-Rüdinger et al. 2013 . However, it is still elusive why these specific cytidines are targeted whereas others with equally well fitting target sequences are not converted into uridines (Schallenberg-Rüdinger et al. 2013) .
In P. patens, DYW-type protein PPR_78 is responsible for targeting the editing sites cox1eU755SL (cox1 encodes subunit 1 of cytochrome oxidase; for nomenclature see Fig. 2 ) and rps14eU137SL (rps14 encodes protein 14 of the small mitochondrial ribosome subunit), one of two sites partially edited in P. patens. In Funaria, a clear ortholog of PPR_78 could be identified, although at position 137 in rps14 a T is already encoded on the genomic level (Rüdinger et al. 2011 ).
We here show that a fully functional complementation of P. patens PPR_78 knockout (KO) plants is possible using the Funaria ortholog, demonstrating that it can mediate editing of both Physcomitrella sites, including the one lacking in its original genetic system. Despite overexpression in the heterologous environment, however, the rps14 editing site remains edited only partially as in Physcomitrella wild-type.
Exploring the editing site conservation in the course of moss evolution, we conclude that the lack of rps14eU137SL editing is due to a recent evolutionary loss in F. hygrometrica rather than to a recent gain in P. patens.
We furthermore complemented PPR_78 KO plants using recombinant protein versions lacking the DYW domain altogether or having it replaced by the paralogous domain of protein PPR_79 responsible for editing site nad5eU598RC in P. patens mitochondria. We find that truncation of the DYW domain results in loss of efficient editing, whereas DYW domain swapping rescues editing completely. Interestingly, however, most transgenic lines with strong overexpression of the truncated DYW protein show a minimal recovery of editing in cox1.
We assume that the DYW domain of each individual PLS protein acting as an editing factor is the ancestral situation. In P. patens PPR_78 the DYW domain is indispensable for proper editing, but there might be a weak inherent ability to recruit other DYW domains in trans, as proposed for the derived editing system of A. thaliana (Hayes et al. 2015) .
Results
The possibility to disrupt gene regions via targeted insertion in the model moss P. patens was used to insert different versions of editing factor PPR_78 into a defined region [Physcomitrella intergenic (PIG) region] of the P. patens genome (Fig. 1 ). This region was described earlier to be suitable to introduce recombinant constructs without apparent functional interference and phenotypic effect (Okano et al. 2009 ). A previously generated KO plant line of PPR_78, impaired in RNA editing of the two mitochondrial sites, cox1eU755SL and rps14eU137SL, was used for complementation studies (Rüdinger et al. 2011) . Under normal growth conditions (protonemal stage and gametophore stage), the PPR_78 KO line does not show a discernible phenotype despite being affected in two editing sites simultaneously and was therefore well suited for complementation studies. Up to 50 independent transgenic lines per inserted construct were generated. In many of those lines, the gene construct was not found inserted in the PIG locus as expected, however, but remained present and passed on over generations, possibly as 'episomal' DNA (Muren et al. 2009) . Nevertheless, at least three lines per construct were identified as stable PIG insertion lines and analyzed in detail.
P. patens KO plants overexpressing the native PPR_78 still edit rps14 partially Like all other RNA editing factors in P. patens, PPR_78 is a 'full' DYW PPR protein carrying a complete DYW-type domain at its end. It was shown to edit mitochondrial sites rps14eU137SL and cox1eU755SL (for nomenclature see Fig. 2 ; Rüdinger et al. 2009) , with rps14eU137SL being only partially edited (60-90%) in wild-type plants. The complete P. patens PPR_78 driven by the strong rice actin1 promoter was introduced into the KO_PPR_78 background and editing activity was tested in three independent complementation lines. Editing site cox1eU755SL was edited completely in two of the three mutant lines investigated. In contrast, rps14eU137SL was not fully edited in any transgenic line (Fig. 2) . The editing level was comparable with the editing status in wild-type plants, Fig. 2 Editing of cox1eU755SL and rps14eU137SL in Physcomitrella patens PPR_78 KO and complementation lines. cDNA sequencing electropherograms covering the editing sites show that editing of both sites in transgenic lines is comparable with P. patens wild-type. Editing site rps14eU137SL remains partially edited in all lines investigated. RNA editing site nomenclature indicates the affected gene, position in the reading frame and the resulting amino acid codon change induced by RNA editing (Rüdinger et al. 2009 ).
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Inserted in Physcomitrella patens intergenic region (PIG) on Chr 5 although expression levels of inserted genes were shown to be a minimum of 20-fold higher (Fig. 3 ).
The Funaria ortholog of PPR_78 fully functions like the endogenous gene in P. patens
The ortholog of PPR_78 is most probably responsible for editing site cox1eU755SL only in the related funariid moss F. hygrometrica, since position rps14eU137SL corresponds to a T on the genomic level, making editing at this site obsolete in Funaria (Rüdinger et al. 2011 ). All amino acids matching the nucleotides in the target sequences are conserved between the two orthologous proteins. Six amino acids at positions shown to be important to recognize the target sequences vary between the two orthologs, however ( Fig. 4A , Barkan et al. 2012 . The RNA target sequences in the cox1 and rps14 transcripts are conserved between the two species. We were interested to check whether the Funaria ortholog could re-establish editing of rps14eU137SL in the heterologous system, and accordingly introduced the Funaria PPR_78 into the P. patens KO background to check for the restoration of editing. All three overexpression lines investigated in detail show complete editing of cox1eU755SL and partial editing of rps14eU137SL ( Fig. 4B) , akin to the editing status in KO plants complemented with the native Physcomitrella PPR_78 construct (Fig. 2) . The PPR_78 orthologs share 87% identity; 143 of 1,077 amino acids differ. Hence, the sequence differences between the orthologous proteins seem to affect neither the binding capacity for the rps14 target nor the necessary enzymatic activity for base conversion despite the lack of this editing site in Funaria.
Editing rps14eU137SL is lost in F. hygrometrica rather than gained in P. patens
To check the evolutionary conservation of cox1eU755SL and rps14eU137SL, we performed a phylogenetic survey across diverse mosses including closely related and phylogenetically distant species. We combined data from Beike et al. (2014) , the recently determined sequences of 11 complete moss mitochondrial genomes (Liu et al. 2014) and novel DNA and cDNA data of selected mosses generated for the purpose of this study. The cox1 editing site was lost several times independently in the phylogenetically wide sampling of mosses (Fig. 5 ). In the funariid mosses, however, all taxa investigated show a C to be edited at the relevant position. Surprisingly, the C at position 137 in rps14 is still more conserved among the mosses, with only one further exception besides Funaria. In Buxbaumia aphylla, a T is likewise encoded on the genomic level. Conservation of the editing site in all other Funariaceae species supports a rather recent loss of this ancient editing site. Lack of the editing site in rps14 of Funaria flavicans, but its existence in Funaria muellenbergii, finally identified the loss as recently as within the genus Funaria. Such an evolutionarily recent loss probably explains the retained ability of the corresponding PPR_78 to edit the site in the sister taxon Physcomitrella. Interestingly, the editing efficiency of site rps14eU137SL varies widely between different moss lineages. As in the Funariales, the site is partially edited in Tortula truncata, Dicranum scoparium and Aulacomnium androgynum (60-90% of transcripts). In contrast, in Ceratodon purpureus and Ditrichum flexicaule, the site is fully edited. In the investigated Hypnales species with the cox1eU755SL editing site lacking, rps14 editing is reduced dramatically. Site rps14eU137SL is only edited in 10% up to 20% of transcripts in Climacium dendroides and Anomodon attenuatus. In Hypnum jutlandicum, but also in the early-branching taxon Diphyscium foliosum, the rps14 site even seems to remain unedited (Fig. 5) .
Complementation lines expressing truncated PPR_78 show no efficient regaining of RNA editing
The relevance of the DYW domain in the RNA editing process and its likely function as a cytidine deaminase remain obscure given that different results for the necessity of its presence in cis have previously been obtained in the flowering plant model system A. thaliana (reviewed in Schallenberg- Rüdinger and Knoop 2016) . The importance of the DYW domain has not been investigated before in Physcomitrella, potentially
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representing a more ancient state of RNA editing. Hence, we introduced truncated versions of P. patens and F. hygrometrica PPR_78 lacking the DYW domain into the P. patens PPR_78 KO background to investigate the regaining of editing. Editing in eight independent transgenic lines (two episomal and six stable lines) was screened. None of the lines showed any regaining of editing at site rps14eU137SL. Likewise, for editing site cox1eU755SL, no editing was detectable in the three lines with the truncated Funaria ortholog and in one line transformed with the truncated version of the native P. patens PPR_78. However, a minute T peak (2-4%) reflecting very minor partial editing at the cox1eU755SL site was detectable in the electropherograms of two episomal lines and two stably transformed lines (Fig. 6) . For all lines with the truncated P. patens ortholog introduced (PpPPR_78 trunc line 1-5) and for the line of the Funaria ortholog with strongest expression (FhPPR_78 trunc line 2), 30-50 cDNA clones of cox1 PCR products were independently sequenced to corroborate the bulk PCR sequencing results (Fig. 6) . For the PpPPR_78 trunc lines 2, 3, 4 and 5, respectively, from one to four sequenced cDNA clones showed a T at cox1 editing position 755 (Fig. 6) .
For the PpPPR_78 trunc line 1 and the FhPPR_78 trunc line 2, neither with bulk sequencing nor with individual clone sequencing could the edited transcript be detected. Notably, all lines showing the minor regain of cox1 editing reveal particularly strong expression of the truncated transgene construct at the transcript level (Fig. 3) .
Expression of PPR_78 with a swapped C-terminal domain regains editing
To investigate further the function and the specificity of the DYW domain and the preceding E domains in P. patens, we generated recombinant versions of PPR_78 with either the full A B Fig. 4 (A) Comparison of PPR array corresponding to cox1eU755SL and rps14eU137SL of P. patens PPR_78 and F. hygrometrica PPR_78. Amino acid positions 2, 5 and the last one (alternatively 3, 6 and 1 0 ) within each PPR shown to be crucial for RNA target recognition (Barkan et al. 2012 ) are aligned with the upstream RNA target sequences with the respective last S repeat opposite the fourth nucleotide upstream of the editing sites (C underlined, bold). Gray shading highlights P-and S-type repeats which appear to have the major role in nucleotide recognition. Green shading indicates matches of amino acids in positions 5/last (or 6 and 1 0 , respectively) with nucleotides according to the following rules: TN, A; TD, G; NS, C; ND, U; NN, C/U. Transversion mismatches are shaded in red; positions with pyrimidine transition mismatches are shaded in yellow. Amino acids of PPR_78 of P. patens, which are different in the Funaria hygrometrica ortholog, are highlighted in bold and red. Exchanges are as follows from left to right: F-S, S-C, D-G, T-A, K-N, G-S. (B) Editing of cox1eU755SL and rps14eU137SL in stable Funaria PPR_78 overexpression lines. The P. patens KO PPR_78 line was complemented with the Funaria orthologous gene Fh_PPR_78, and editing was investigated. The cDNA sequencing electropherograms covering the editing sites show regaining of editing of both sites comparable with the wild-type. Conservation of editing sites cox1eU755SL and rps14eU137SL along moss phylogeny including the Funariales clade. Cytidines retained at the editing sites indicate a requirement for editing (C), whereas thymidines in the DNA eliminate the need for C-to-U RNA editing (T). In brackets, the editing efficiencies of rps14eU137SL are shown for selected species; cox1eU755SL is completely edited in all of those taxa. The underlying phylogeny [Maximum Likelihood phylogeny with 1,000 replicates (Ultrafast Bootstrap; Minh et al. 2013) ] assuming the GTR +À4 model of sequence evolution, which was proposed after model test using IQ tree (Nguyen et al. 2015) , is presented in a cladogram and based on the molecular data set described earlier in Wahrmund et al. (2010) complemented with data from Liu et al. (2014) and Dicranum scoparium. E-DYW domain stretch or exclusively the DYW domain swapped with the homologous domains of another Physcomitrella DYW-type protein. To this end, we chose PPR_79, responsible for editing of nad5eU598RC in P. patens mitochondrial transcripts (Uchida et al. 2011 , SchallenbergRüdinger et al. 2013 , because the C-terminal domains of the two editing factors show only 70% overall identity, while all motifs proposed to be deaminase signatures remain conserved in both (Fig. 7A) . After insertion of fused versions in the PPR_78 KO background, stable insertion lines were again selected and the regaining of editing as well as expression profiles were monitored. All six stable transgenic lines (three of each type) showed high expression levels (a minimum of 100-fold). In contrast to the transgenic lines with truncated versions of PPR_78 introduced and comparable expression levels, all DYW domainswapped lines investigated showed complete editing of site cox1eU755SL and partial editing of rps14eU137SL comparable with wild-type plants (Fig. 7B) . Even in the overexpression lines with the extended E-DYW domain stretch swapped, cox1eU755SL is completely edited. Editing of rps14eU137SL is, with approximately 60%, slightly reduced in two stable lines (Fig. 7) . In the third line, only approximately 30% of transcripts are edited for as yet unexplained reasons.
Discussion
The organelle RNA editing system of P. patens probably represents an evolutionary ancestral and simple state. Given its phylogenetic position within the bryophytes (comprising hornworts, liverworts and mosses), P. patens represents an early diverging land plant model separated from flowering plants by >400 million years of evolution (Wickett et al. 2014) . With the previously completed assignment of all DYW-type PPR proteins to all its editing sites (Ichinose et al. 2013 , SchallenbergRüdinger et al. 2013 , Ichinose et al. 2014 , Physcomitrella is an attractive system for further downstream analysis of the editing machinery in more detail.
In this study, we focused on PPR_78, the essential editing factor for editing sites cox1eU755SL and rps14eU137SL, for different reasons. First, PPR_78 is responsible for two independent editing sites simultaneously, one of which (rps14eU137SL) is found to be only partially edited in the wild-type. Secondly, PPR_78 KO plants do not show severe phenotypes under (Salone et al. 2007 ). (B) Editing of cox1eU755SL and rps14eU137SL in stable PPR_78_PPR_79 fusion overexpression lines. The P. patens KO PPR_78 lines were complemented with PPR_78 with the E-DYW domains or the DYW domain alone swapped with the one of PPR_79, respectively. cDNA electropherograms show regaining of editing comparable with the wild type for cox1eU755SL. Editing efficiency for rps14eU137SL is slightly reduced in overexpression lines of recombinant PPR_78 with the E-DYW domain region of PPR_79. normal growth conditions (Rüdinger et al. 2011) , making them easily amenable for genetic complementation studies.
Notably, complementation lines with much higher expression of PPR_78 than wild-type plants still show incomplete, partial editing of rps14eU137SL, whereas editing of cox1eU755SL is complete. Hence, it is more likely that the protein structure of PPR_78 rather than its level of expression is responsible for limited editing of rps14eU137SL. A less than perfect fit of the PPR stretch and target sequence could be a reason for the only partial editing of rps14eU137SL. However, with our current knowledge about the recognition code (Barkan et al. 2012 , the target sequences of rps14eU137SL and cox1eU755SL with two clear mismatches each, match PPR_78 equally (Fig. 4) . Three recent studies confirmed the proposed recognition code experimentally via extensive in vitro and in vivo studies (Okuda et al. 2014 , Kindgren et al. 2015 , Ramos-Vega et al. 2015 . However, our result postulates that additional amino acid positions or large-scale structural changes influence target recognition. The difference in editing efficiency at the two PPR_78 target sites may be caused by different PPR motifs within the PPR stretch contributing unequally to the sequence-specific binding of the two target RNAs, in line with other recent observations for PPR and PLS proteins (Barkan et al. 2012 , Brehme et al. 2015 , Kindgren et al. 2015 . Alternatively, or additionally, the secondary structure of RNA targets may influence the binding capacity as proposed for editing factors in P. patens and A. thaliana (Schallenberg- Rüdinger et al. 2013 , Kindgren et al. 2015 . The two mosses Ceratodon purpureus and Ditrichum flexicaule included in our phylogenetic survey show complete editing of both sites cox1eU755SL and rps14eU137SL (Fig. 5) . The secondary structure folding predictions of their rps14 transcripts do not differ from that of P. patens in the putative binding region of PPR_78 (mfold version 2.3; Zuker 2003). However, as rps14 is transcribed and edited in a co-transcriptional manner in P. patens (at least in combination with rpl5), predictions need to be considered carefully. As the target sequences upstream of rps14eU137SL and cox1eU755SL are identical between C. purpureus, D. flexicaule and P. patens, the reasons for different editing efficiencies may rather lie in the respective PPR_78 orthologs. Accordingly, future complementation approaches with PPR_78 orthologs of mosses showing significantly divergent partial editing in rps14 will be highly interesting.
Our complementation studies underline the importance of the DYW domain for proper editing in mosses. Whereas in the model plant A. thaliana several DYW-type PPR proteins were identified to function with or without their DYW domain (Okuda et al. 2009 , Hayes et al. 2013 , Brehme et al. 2014 , the P. patens DYW-type PPR protein PPR_78 is not able to edit the appropriate sites efficiently with the DYW domain truncated. The indispensability of the DYW domain for editing in P. patens in contrast to at least some editing factors in A. thaliana is likely to be explained by the difference in complexity of the editing systems. In A. thaliana, the editing system with >400 sites in mitochondria and chloroplasts (Giegé and Brennicke 1999, Bentolila et al. 2013) , 87 DYW-type PPR proteins and 107 E and E+ proteins lacking the DYW domain per se (Lurin et al. 2004 ) is more complex but might also be more flexible. The functionality of proteins without the DYW domain was recently explained by recruitment of an additional protein containing a DYW domain to catalyze the deamination reaction (Chateigner-Boutin et al. 2013 , Hayes et al. 2013 ). The transfactors are most probably other functional DYW-type PPR proteins responsible for recognition of other editing sites acting promiscuously at sites where E-type proteins are essential for target recognition. Alternatively, perhaps DYW-type PPR proteins with short PPR stretches, such as MEF8 and MEF8S recently identified in A. thaliana mitochondria (Verbitskiy et al. 2012b) , could be recruited as catalytic units (Chateigner-Boutin et al. 2013) . Such interactions are probably promoted by MORF/RIP proteins (Bentolila et al. 2012 ), which do not have an RNA-binding domain, but were shown to interact with diverse editing factors and among themselves in angiosperms . Accordingly, a complex editosome was recently proposed for A. thaliana chloroplasts by Bentolila and colleagues (Sun et al. 2016) . In P. patens, neither MORF/RIP nor an ortholog of the recently identified ORRM1 protein, featuring an RNA recognition motif (RRM) domain and a truncated RIP-RIP domain, are encoded in the genome. Both protein families were described as parts of the functional flowering plant editosome (Sun et al. 2013 ). Other general RRM-containing proteins were shown to influence editing in angiosperm plastids (CP31; Hirose and Sugiura 2001, Tillich et al. 2009 ) and in mitochondria (ORRM2-ORRM4; Shi et al. 2016) in an as yet unknown, but probably indirect, manner. However, in P. patens, no RRM-containing protein could be linked to editing to date. Only a clear ortholog of OZ1, a zinc finger-containing protein recently identified as part of the editosome of chloroplasts , could be found in P. patens. It is likewise predicted to be localized in plastids (WoLF PSORT; Horton et al. 2007) . Notably, however, the cp-rps14 transcript is the only editing target in Physcomitrella chloroplasts, recently shown to be addressed by PPR_45 (Ichinose et al. 2014 ), making a complex or dynamic chloroplast editosome with OZ1 participating less likely in the moss. Nevertheless, there could be other proteins in addition to PPR proteins that are required for editing in mosses that have not yet been detected.
We found that complementation lines overexpressing a truncated PPR_78 lacking its DYW domain led to a minute but recognizable regain of RNA editing at the cox1eU755SL site. We assume that the truncated PPR_78 may be able to recruit another DYW protein with very low affinity to provide cytidine deaminase activity in trans, also in the absence of mediating factors. Key to such protein-protein interactions of editing factors are the EE+ domains , Ramos-Vega et al. 2015 , which are highly conserved in the P. patens DYW-type PPR proteins. Possibly, they were originally essential for the exact positioning of the DYW domain in cis (Okuda et al. 2014 ) but might additionally be able to interact with other E/DYW domains in trans to a limited degree already in the ancestral editing system of the moss. Indeed, such a potential for at least weak protein-protein interaction among the DYW-type PPR proteins of P. patens became apparent with yeast two-hybrid (Y2H) studies identifying weak direct proteinprotein interaction between PPR_65 with itself and with PPR_71 and 79 (Schallenberg-Rüdinger et al. 2013 ). Moreover, those Y2H studies revealed that the Physcomitrella DYW proteins readily interact with the Arabidopsis MORF/RIP proteins. This finding may indicate that the MORF/RIP proteins are a later evolutionary innovation to enhance the initially weak inherent capacity for direct interactions of the ancient EE+ domains.
However, while the truncated PPR_78 may weakly recruit heterologous DYW domains to the cox1eU755SL site, we could not detect a reduction of editing at any of the other 10 mitochondrial RNA editing sites.
Whereas the DYW-truncated PPR_78 proteins do not properly recover editing in the KO plant, PPR_78 with a paralogous DYW domain does as well as the endogenous PPR_78. The PPR_78 constructs with complete swapped E-DYW domains recover editing of cox1eU755SL completely, but editing of rps14eU137SL is slightly reduced (at least in the two lines analyzed). These results agree with previous studies in Arabidopsis where the DYW domains of the two chloroplast RNA editing factors CRR22 and CRR28 could be mutually exchanged without reduction of editing (Okuda et al. 2009 ). In another study, however, the exchange of mitochondrial with chloroplast E domains in editing factors lacking DYW domains did not result in regaining of editing, whereas an exchange of the corresponding domains of the same organelle did (ChateignerBoutin et al. 2013) . In our study, we also exchanged domains with counterparts of proteins localized in the same organelle (mitochondrially localized PPR_79). The complete recovery of editing at site cox1eU755SL via both chimeric protein versions suggests a universal functionality of the C-terminal domains in Physcomitrella, interesting for the future design of C-to-U editing factors with artificial or modified PPR stretches. The reduced editing of rps14eU137SL in the lines with the full E-DYW domain stretch swapped, however, postulates a protein-specific functionality of the EE+ domain.
A complete recovery of editing was also accomplished upon insertion of the PPR_78 ortholog of the related moss F. hygrometrica. Earlier studies attempting complementation with ortholog proteins had resulted in different outcomes. When the CRR4 ortholog of different Nicotiana species was used to complement A. thaliana CRR4 KO plants, editing at the CRR4 target site ndhDeU2TM was regained, but with reduced efficiency (Okuda et al. 2008) . The Vitis vinifera ortholog of MEF3, assigned to editing site atp4eU89SL was not able to complement the corresponding A. thaliana loss-of-function mutant, although the editing site was conserved in both species (Verbitskiy et al. 2012a ). PPR2263 in maize and MEF29 in A. thaliana have a similar sequence and edit the same editing site in the mitochondrial transcriptome; however, complementation with the orthologous protein was not tested (Sosso et al. 2012 ). Here we show that an orthologous protein is able to function in a heterologous background even on an editing site lost in its genetic system of origin. An earlier study in Solanaceae had previously shown that editing capacity for particular chloroplast editing sites may be retained although editing has become obsolete owing to C-to-T conversion on the genomic level (Tillich et al. 2006) . The specific editing factors, however, were unknown at that time. Editing at the rps14 site is obsolete in F. hygrometrica and F. flavicans, but the ability to edit this site is evidently still present in the F. hygrometrica PPR_78 protein. Our phylogenetic survey among mosses leads us to assume that this observation results from an evolutionarily recent loss of rps14eU137SL within the genus Funaria. It will be highly interesting to investigate the retention of obsolete editing activities in this and other editing factors across larger phylogenetic distances. We believe that the evolutionary ancient and mechanistically less complex editing system of mosses, a clade for which we have a reasonably well-resolved phylogeny Knoop 2010, Wahrmund et al. 2010) , will excellently complement similar studies in the more widely investigated flowering plant editing model systems (Robbins et al. 2009 , Hayes et al. 2012 , Hein et al. 2016 . Construction of complementation cassettes and P. patens transformation DNA was prepared from plant material by a simple extraction method (Edwards et al. 1991) . RNA was prepared using the Nucleo-Spin RNA Plant kit (Macherey-Nagel, http://www.macherey-nagel.de) or the RNeasy Plant Mini Kit (Qiagen, https://www.qiagen.com/de). RNA was additionally treated with DNase I (Thermo Scientific https://www.lifetechnologies.com) to remove potential vestiges of DNA. cDNA was synthesized using the RevertAidTM MMuLV Reverse Transcriptase kit (Thermo Scientific) or SuperScript III (Invitrogen, www.invitrogen.com) and 1 mM oligo(dT) primer (5 0 -T23V-3 0 ) per assay. Complete and truncated versions of DYW_PPR_78 of P. patens and F. hygrometrica and DYW_PPR_79 (Phypadraft 192620, Funhydraft 192620, Phypadraft 192787 , NCBI GenBank accession Nos. XM_001774819, JF501598, XM_001775047) with elongated N-termini (see Rüdinger et al. 2013) were amplified by PCR with Phusion High-Fidelity DNA polymerase (Thermo Scientific) using cDNA or DNA, respectively. Constructs consisting of N-terminal PPR_78 and C-terminal PPR_79 were fused via overlap extension PCR. The different versions were inserted in vector PIG_AN (vector map upon request) between the actin1 promoter of rice (Horstmann et al. 2004 ) and the nos terminator via SgsI restriction and ligation (cloning enzymes; Thermo Scientific). As a selectable marker, hpt (hygromycin phosphotransferase) driven by the nos promoter is included. The overexpression cassette is flanked by homologous regions of the PIG locus for stable integration in the P. patens genome via homologous recombination as described in Okano et al. (2009) . The locus is located 226 bp upstream of gene model Pp3c5_169660V3.1 and 224 bp downstream of gene model Pp3c5_16980V3.1 based on the P. patens 3.0 genome assembly (www.cosmoss.org). The above-mentioned representative isoforms of v3.3 protein-coding genes were selected as gene models due to corresponding EST (expressed sequence tag) evidence (G_FYBD1LQ02JLUUZ.1_gth_1 and G_FYBD1LQ02IASSS.1_gth_1). For plant transformation, 10-30 mg of purified construct DNA without nearly all the vector backbone was used for polyethylene glycol (PEG)-mediated transfer into protoplasts, and regenerated protoplasts were cultivated following published procedures (Hohe et al. 2004 ).
Materials and Methods
Plant material and growth conditions
Detection of mutant lines and verification of editing
DNA and RNA were prepared as described above. cDNA was synthesized using the hexanucleotide random primer mix (10 mM per assay; Thermo Scientific).
For detection of stable mutant lines, PCRs with primer pair Pigfor (5 0 -CCCA TTTCTAGGACACCCTTTCC-3 0 ) and Pigrev (5 0 -CATTTTTTATGTGGGCCGTT GTAG-3 0 ) flanking the homologous regions for construct insertion, PCRs with primer Pigfor and primer Act1rev (5 0 -ACGTATCAAAGTACCGACAAAAACAT CCT-3 0 ) binding in the actin1 promoter region and PCRs with primer Act1for (5 0 -TCTTTTTGTGGGTAGAATTTGAATCC-3 0 ) and NosTrev (5 0 -TATATGATA ATCATCGCAAGACCG-3 0 ) binding in the actin1 promoter and nos terminator region, respectively, were performed.
RT-PCRs using Dream taq (Thermo Scientific) or Go taq (Promega, http:// www.promega.com; see Rüdinger et al. 2011 for details of PCR amplification assay) with different primer pairs bordering regions with editing sites (the complete primer list is available from the authors upon request) were performed for verification of editing in P. patens mutant lines, the wild-type and other mosses. PCR products were sequenced directly (GATC Biotech AG, http://www.gatc-biotech.com) or cloned into the pJET vector (Thermo Scientific) or the pGEM-T Easy vector (Promega) prior to sequencing. A minimum of two replicates per PCR product was sequenced to confirm partial editing. cDNA sequences were aligned to the corresponding gene sequences of the annotated mitochondrial genome of P. patens (GenBank accession No. NC_007945) and electropherograms were analyzed with MEGA 7 (Kumar et al. 2016) . Peak heights to estimate the RNA editing level were calculated from electropherograms using BioEdit V7.1.1. Moss sequences available in NCBI (see Liu et al. 2014 , and accession No. KC6626272.1) or generated as described above were aligned and screened for conservation of editing sites.
Real-time quantitative RT-PCR
RNA was extracted from equal amounts of wild-type and mutant plants grown under the same conditions, and reverse transcription was performed with SuperScript III as described above. Quantitative RT-PCR was performed with SYBR green master mix (Invitrogen, http://www.invitrogen.com) and an amount of cDNA corresponding to 16 ng of initial total RNA per 20 ml assay was analyzed on a Light Cycler Õ 96 System (Roche, http://lifescience.roche.com) with the following program: 95 C for 10 min (holding stage), followed by 50 cycles with 95 C for 15 s and 57 C for 15 s and 72 C for 20 s (three-step amplification) finishing with the melting stage (95 C for 10 s, 65 C for 1 min increasing in 0.2 C steps up to 95 C). The primer pair 192620qPCRfor and rev (5 0 -TTT CATGGACTGCAATGATTGG-3 0 and 5 0 -AACTTGTTGATGGATCCTCC-3 0 ) was used to amplify PPR_78. Phypa_173694 (NCBI GenBank accession No. XM_001785861.1/Cosmoss gene model V3.3, Pp3c19_1800V3.1) which was used as the reference gene for normalization (Hiss et al. 2014) . Triplicate measurements were performed for each of three biological replicates (two for lines FhPPR_78_3 and PpPPR_78trunc_3, and four for lines PpPPR_78trunc_4 and PpPPR_78_79EDYW1). Measurements were analyzed with Expressionist Analyst 7.5 (Genedata) and Microsoft Excel 2010, using the delta-delta-Ct method. Product specificity via melting curve analysis was checked routinely.
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